The fungal order Onygenales includes many pathogens of humans and animals, and recent studies have shown some onygenalean fungi to be significant emerging pathogens of reptiles. Although many of these fungi have similar morphological features in histologic tissue sections, recent molecular analyses have revealed a genetically complex and diverse group of reptile pathogens comprising several genera, most notably Nannizziopsis, Ophidiomyces, and Paranannizziopsis. Infections by members of these genera have been previously reported in a variety of reptile species, including crocodilians, lizards, snakes, and tuataras, with negative impacts on conservation efforts for some reptiles. Despite the well-documented pathogenicity of these fungi in all other extant reptile lineages, infection has not yet been reported in aquatic turtles. In this study, we report the isolation of an onygenalean fungus associated with shell lesions in freshwater aquatic turtles. The morphologic and genetic characteristics of multiple isolates (n ϭ 21) are described and illustrated. Based on these features and results of a multigene phylogenetic analysis, a new genus and species, Emydomyces testavorans, are proposed for these fungi isolated from turtle shell lesions.
causing disease in aquatic turtles (order Testudines). However, in recent years an unusual pattern of ulcerative shell disease associated with fungal infection has been observed by a variety of zoological institutions housing aquatic turtle species, as well as in free-ranging populations of western pond turtles (Actinemys marmorata) in the state of Washington. Initial routine diagnostic testing identified fungi morphologically comparable to previously described onygenalean fungal pathogens at the leading edge of shell lesions (Fig. 1) . Molecular testing performed on a subset of these cases detected fungal DNA that was most similar to previously published sequences of various members of Onygenaceae; however, the sequence homology was too low (Ͻ92%) for precise identification. Previous attempts at isolation of these fungi were unsuccessful, and failure of isolation was frequently attributed to rapid overgrowth of bacteria or other fungi interpreted as environmental contaminants or nonpathogenic components of the shell microflora.
In the present study, the isolation of a novel onygenalean fungus from turtle shell lesions is described, as are the morphological and genetic characteristics of the fungal isolates. Based on morphological features of isolates and multilocus phylogenetic analyses, a novel genus and species are proposed for this fungus.
MATERIALS AND METHODS
Clinical specimens. All turtle tissues used for this study were clinical samples submitted to the University of Illinois Zoological Pathology Program for diagnostic purposes. Samples from 70 individual turtles were examined in total, consisting of refrigerated (4°C) shell tissue (n ϭ 59), archival frozen (-80°C) shell tissue (n ϭ 10), and a refrigerated (4°C) cutaneous swab (AST-RC34RV5B). Samples were collected from taxonomically diverse turtle species, including Actinemys marmorata (n ϭ 62), Apalone spinifera (n ϭ 2), Chelus fimbriatus (n ϭ 1), Emydura subglobosa (n ϭ 1), Graptemys oculifera (n ϭ 1), Hydromedusa tectifera (n ϭ 1), Macrochelys temminckii (n ϭ 1), Trachemys scripta elegans (n ϭ 1), Podocnemis unifilis (n ϭ 1), and Podocnemis vogli (n ϭ 2).
Fungal isolation. Since previous culture attempts from clinical specimens had been unsuccessful, a modified isolation medium was developed based on adaptation of Sabouraud dextrose agar, Emmons modification (SDA). Basal SDA medium consisted of 2% dextrose (Oxoid), 1% peptone (Bacto), and 2% agar (Acros Organics). To encourage the growth of keratinophilic fungi, keratin scutes were collected from archived frozen normal shells of red-eared sliders (Trachemys scripta elegans) and incorporated into the medium. Scutes were autoclaved at 121°C for 20 min, dried at ambient temperature and humidity, and finely ground with an electric blade mill grinder. The powered shell keratin was added to the SDA medium, and the mixture was autoclaved at 121°C for 20 min. After autoclaving, chloramphenicol (50 mg/liter; Fisher Scientific), gentamicin sulfate (2.9 mg/liter; Sigma-Aldrich), and cycloheximide (400 mg/liter; Acros Organics) were added to inhibit growth of bacteria and saprophytic fungi. Approximately 25 ml of medium was poured into sterile plastic petri plates (100 by 15 mm; Fisherbrand) and allowed to gel at ambient temperature prior to inoculation.
FIG 1
Photomicrograph of shell lesion of a Mata Mata (Chelus fimbriatus) with Emydomyces testavorans hyphae noted at the leading edge. Emydomyces testavorans was confirmed in this case via ITS sequence analysis. Grocott-Gomori's methenamine silver stain, 600ϫ.
For tissue, approximately 25 mg was transferred to a sterile 1.5-ml microcentrifuge tube, macerated, and suspended in 0.2 ml of sterile distilled H 2 O. Resulting fluid was adsorbed onto a sterile cotton-tipped swab and streaked on to culture plates for isolation. The single swab specimen (AST-RC34RV5B) was directly plated for isolation in the same fashion. Culture plates were incubated at 30°C and monitored daily for colony growth. Individual fungal colonies were subcultured as they appeared and maintained as slant cultures on SDA at ambient temperature and lighting in Rubbermaid plastic storage containers.
Culture morphology. Culture studies were conducted with isolates on three types of media: water agar (WA; Difco Bacto), cornmeal agar (CMA; Difco), and potato dextrose agar (PDA; Difco). To standardize growth rates, isolates were initially transferred to PDA in 60-mm-diameter plastic petri plates (Fisherbrand). After 3 to 4 weeks, 5-mm-diameter plugs were removed from the margin of each isolate and placed inverted in the center of 60-mm-diameter plastic petri plates containing WA, CMA, or PDA. The plates were incubated at room temperature (21 to 25°C) under ambient light in Rubbermaid plastic storage containers. Growth rates and colony characteristics were recorded every 7 days for 28 days. Asexual microscopic features were observed in water mounts after 28 days and under slide culture mounts grown on peptone-yeast extract agar (PYE; Fisherbrand) according to the techniques of Riddell (13) . Color terms are used as presented by Kornerup and Wanscher (14) .
Mycelia were squash mounted in water or observed under slide cultures, and images of micromorphological structures were captured with a QImaging QColor 3 digital camera mounted on an Olympus BX51 compound microscope using differential interference microscopy. Images were processed using Adobe Photoshop 7.0 (Adobe Systems, Inc., Mountain View, CA). A minimum of 30 measurements were taken for all morphological structures using NIH Image 1.63 (National Institutes of Health, Bethesda, MD). Means and standard deviations were calculated for conidia.
Genetic sequencing. For each isolate, total genomic DNA was extracted from approximately 25 mg of mycelium using a DNeasy blood and tissue kit (Qiagen) according to the manufacturer's instructions. To enhance the recovery of fungal DNA, an additional step was performed in which 12 l of yeast lytic enzyme (25 U/ml; MP Biomedicals) was added, and samples were incubated at 37°C for 60 min prior to proteinase K digestion. DNA extract quality was verified by using a NanoDrop 2000 spectrophotometer (Thermo Scientific). For archival turtle specimens from which fungal isolates could not be obtained, total genomic DNA was similarly extracted from approximately 25 mg of frozen (-80°C) lesional tissue.
DNA fragments of the internal transcribed spacer (ITS) region, 18S small subunit rRNA (SSU), D1-D2 domain of the 28S large subunit rRNA (LSU), and ␣-actin (ACT) genes were PCR amplified using previously published generic fungal primer sets (15) (16) (17) . All PCRs were performed in 0.2 ml thin-walled PCR tubes (Fisherbrand) with a 25-l reaction mixture consisting of 2.5 l of GeneAmp 10ϫ PCR buffer with 15 mM MgCl 2 (Applied Biosystems), 0.5 l of 10 mM deoxynucleotide triphosphate mix (Thermo Scientific), 0.25 l of AmpliTaq Gold polymerase (Applied Biosystems), 0.25 l each of 25 M concentrations of forward and reverse primers, 18.75 l of diethyl pyrocarbonate-treated water (Ambion), and 2.5 l of DNA extract as the template. PCR amplification was performed on a GeneAmp PCR System 9700 thermal cycler (Applied Biosystems) with a 10 min 95°C activation step, followed by 35 cycles of 94°C denaturation for 1 min, 55°C (ITS, SSU, and ACT) or 50°C (LSU) annealing for 1 min, and 72°C extension for 1 min, with a final 72°C extension for 5 min. Target amplification was confirmed via 1.5% agarose gel electrophoresis. PCR amplicons were purified using ExoSAP-IT (Applied Biosystems) according to the manufacturer's instructions and submitted to a commercial laboratory for Sanger sequencing (ABI 3730; University of Chicago Cancer Sequencing Facility). The resulting forward and reverse sequencing reads were pairwise aligned, manually edited if necessary, and consensus sequences generated using Geneious v10.2.3 software (18) .
Phylogenetic analyses. Sequences obtained from turtle clinical tissues and fungal isolates, as well as sequences publicly available in the National Center for Biotechnology Information (NCBI) GenBank database (www.ncbi.nlm.nih.gov/genbank), were analyzed to examine relationships between these fungi associated with turtle shell lesions and other fungi in the Onygenales (19) .
Multiple sequence alignments were created for each gene individually with MAFFT v7.310 using the L-INS-i strategy (20) . Alignments were visualized and manually trimmed using AliView v1.18 so that final alignments included only the target regions amplified by primer sets as previously described (21) . These trimmed MAFFT alignments of the SSU, LSU, and ACT genes were used for further analyses. For the ITS MAFFT alignment, ambiguous regions were removed using Gblocks v0.91b under the following parameters: minimum number of sequences for a conserved position ϭ 56, minimum number of sequences for a flanking position ϭ 94, maximum number of contiguous nonconserved positions ϭ 8, minimum length of a block ϭ 10, and gap positions allowed in resulting blocks for any number of taxa (22) . Each individual gene alignment was analyzed with jModelTest v2.1.10, and in all cases the general-time-reversible (GTR) model of nucleotide substitution with a GAMMA model of rate heterogeneity and a proportion of invariable sites (GTRGAMMAI approximation) was selected as the most appropriate model for phylogenetic analyses (23) . Individual sequence alignments were concatenated in the order SSU-ITS-LSU-ACT to produce a final alignment for phylogenetic estimation.
Maximum-likelihood (ML) analysis was performed on the concatenated sequence alignment using RAxML v8.2.11 with the GTRGAMMAI approximation model. Nodal support was determined by rapid bootstrapping with 1,000 replicates (24) . Bayesian inference (BI) was performed with MrBayes v3.2.6 as a supplement to ML analysis to determine posterior probability support for clades generated in the ML analysis (25) . BI was executed with GTRGAMMAI approximation, and the Markov-chain Monte Carlo (MCMC) algorithm was run until the average standard deviation of split frequencies fell below 0.01 (4,000,000 generations). Representative members of the Eurotiales (Aspergillus fumigatus and Penicillium chrysogenum) were designated as outgroup taxa to root the resulting tree. Clades with ML bootstrap support values of Ն70% and BI posterior probability values of Ն0.95 were considered significant. Trees were visualized and formatted using Dendroscope v3.5.7 and Adobe Acrobat Pro DC (Adobe Systems) (26) .
Antifungal susceptibility testing. Three fungal isolates (16-2883, 13-1796, and AST-RC34RV5B) were submitted to a reference laboratory (UT Health San Antonio Fungus Testing Laboratory) for antifungal susceptibility testing. Broth dilution antifungal susceptibility testing was performed on each isolate for fluconazole, itraconazole, posaconazole, voriconazole, and terbinafine in accordance with Clinical and Laboratory Standards Institute reference method M38-A2 (27) .
Data availability. Sequences obtained from fungal isolates and lesional tissue were deposited in the GenBank database and are listed with accession numbers in Table 1 (19) . In some cases where fungal isolates were not obtained, direct gene amplification from lesional tissue was not successful for all genes. Accession numbers for sequences of other fungi within Onygenales that were used in these analyses are listed in Table 2 .
RESULTS
Fungal isolation. Twenty-one distinct fungal isolates were recovered from examined shells using the isolation methods described, with each tissue specimen originating from a unique individual turtle. Of these, the vast majority (n ϭ 18/21) were recovered from shell tissue of western pond turtles (Actinemys marmorata). Additional isolates were recovered from lesional shell tissue of a spiny softshell turtle (n ϭ 1, Apalone spinifera, 13-1796) and a red-eared slider (n ϭ 1, Trachemys scripta elegans, ST-T1), as well as one cutaneous swab of an alligator snapping turtle (n ϭ 1, Macrochelys temminckii, AST-RC34RV5B, collected under Illinois Department of Natural Resources permit 14-046). All isolates recovered from turtles were morphologically similar (see "Culture morphology" above) and based on multilocus sequence analyses (see "Phylogenetic analyses" above) were more closely related to each other than to other members of Onygenales with publicly available sequence data. Growth characteristics and morphologic measurements of fungal isolates recovered from turtles are presented in Table 3 , and representative images of colony morphology and microscopic features are presented in Fig. 2 . Isolates were slow growing on all media at ambient temperatures (21 to 25°C). All isolates exhibited only the asexual (anamorphic) state with no sexual (teleomorphic) state observed during the course of the study.
Genetic sequencing. DNA sequences were obtained from a total of 21 fungal isolates and 7 turtle shells. Sequences were genetically more similar to each other than to other publicly available sequences; however, there was significant genetic diversity between isolates at all loci. Sequence homology ranged from 98.8 to 100% for SSU, 80 to 100% for ITS, 92.1 to 100% for LSU, and 94.6 to 100% for ACT genes.
The concatenated sequence alignment comprised 106 taxa and 2,580 characters. The most likely tree resulting from the RAxML analysis is presented in Fig. 3 . All sequences obtained from turtle lesional tissues or fungal isolates from affected turtles occurred in a well-supported (ML bootstrap ϭ 100, BI posterior probability ϭ 1.00) monophyletic clade distinct from representative taxa within the order Onygenales. Other genera within the Onygenales, including Auxarthron, Nannizziopsis, Ophidiomyces, Paranannizziopsis, and Spiromastigoides, also occurred in well-supported monophyletic clades, in accordance with previous reports. Higher-order relationships between these genera and fungi recovered from turtles were not well supported, and thus, family-level taxonomy remains uncertain in the present analysis. Based on this phylogeny in combination with morphological features, a novel genus and species are proposed for the fungus infecting freshwater aquatic turtles.
Taxonomy. Emydomyces A.N. Mill. & D.B. Woodburn gen. nov. (28) . MycoBank accession no. MB827506. Etymology: Emydo refers to a freshwater tortoise and myces to fungus. Colonies are slow growing, silky to wooly, translucent to white (1A1); margin even, appressed and translucent; reverse same as the mat. Hyphae largely undifferen- (6) 1-4 2.5-7 ϫ 1.5-3 5-15 ϫ 1.4-4 Absent Nannizziopsis chlamydospora (6) 1-3 3-9 ϫ 1.5-2 4-10 ϫ 2-4 Present Nannizziopsis draconi (6) 1-3 4-7 ϫ 1.5-2 5-9 ϫ 1.5-2.5 Absent Nannizziopsis guarroi (5) N R a 3.2-6.5 ϫ 1. severely undulated with age on CMA and PDA. Aleurioconidia and arthroconidia produced on all media. Aleurioconidia produced holoblastically, apically, occasionally laterally directly from hyphae, or rarely intercalary, clavate to pyriform, widely variable in shape, thin-walled, one-celled, occasionally two-celled with septa near base, occasionally stalked, with one to several oil droplets, if more than one oil droplet then decreasing in size, 5.5-27.2 ϫ 3.5-11.2 (13.5 Ϯ 3.5 ϫ 7.0 Ϯ 1.2) m. Arthroconidia produced via fission or intercalary, barrel shaped to cylindrical, thin walled, usually one celled, occasionally two celled with median septa, with one to several equally sized oil droplets, 5.4 -52.9 ϫ 1. Table 4 . Isolates 16-2883, 13-1796, and AST-RC34RV5B were selected for testing based on phylogenetic analyses (Fig. 3) . MIC values for all antifungals tested were determined for isolate . The MIC value of fluconazole for isolate AST-RC34RV5B, as well as MIC values of itraconazole and voriconazole for isolate 13-1796, could not be determined due to failure of the isolates to grow in those assays.
DISCUSSION
The morphological and genetic features of fungal isolates examined in this study support the designation of a novel genus and species, Emydomyces testavorans, for these fungi isolated from turtle shell lesions. Recent studies utilizing genetic sequencing and phylogenetic analyses have identified multiple genera of fungal reptile pathogens within the group formerly designated as the Chrysosporium anamorph of Nannizziopsis vriesii, including Nannizziopsis, Ophidiomyces, and Paranannizziopsis, though all are morphologically similar in histologic section and produce aleurioconidia and fission arthroconidia (Fig. 2) (5, 6, 29) . Emydomyces testavorans demonstrates morphological and genetic features different from these other members of the Onygenales. In histologic section, members of Nannizziopsis, Ophidiomyces, and Paranannizziopsis produce narrow, septate hyphae, often accompanied by fission arthroconidia. While the hyphae of Emydomyces in shell lesions or tissue are septate and narrow (Fig. 2) , arthroconidia have not been observed. Similarly in culture, conidia of Nannizziopsis, Ophidiomyces, and Paranannizziopsis are smaller than those of Emydomyces, which are more variably shaped (Table 3 and Fig. 2) . In the present study, no chlamydospores or (5, 6) . The monophyly of Emydomyces isolates described in the present study is well supported by multilocus phylogenetic analyses. Other recent studies investigating the phylogenetic relationships of reptilian fungal pathogens have also identified monophyletic clades corresponding to the genera Nannizziopsis, Ophidiomyces, and Paranannizziopsis (5, 6). Higher-order phylogenetic relationships are beyond the scope of the present study, although the discovery of Emydomyces as a genus adds to the increasingly recognized diversity of onygenalean reptile pathogens. Additional phylogenetic analyses including more genes or even whole-genome sequences are warranted to better understand taxonomic relationships among genera and families within the Onygenales.
Reported MIC values suggest that Emydomyces is susceptible to antifungal drugs commonly used in the treatment of reptilian fungal infections, such as itraconazole, voriconazole, and terbinafine (4, 30) . However, only a few studies evaluating the safety, efficacy, and pharmacokinetics of these antifungal drugs have been performed in a limited selection of reptile species (30) (31) (32) . Toxicity associated with voriconazole administration has been reported in at least one species of snake with clinically relevant dosages (30) . Despite anecdotal evidence supporting the use of these drugs in reptilian fungal infections, little is known regarding their safety and efficacy in aquatic turtles. While the more lipophilic compounds have been shown in other species to accumulate above plasma concentrations in bone and keratinaceous tissues, similar studies have not been conducted in turtles (33) . Therefore, interpretation of the significance of these antifungal susceptibility results is limited until such pharmacokinetic studies are performed.
Although a causative relationship has yet to be confirmed, ulcerative shell disease has been histologically associated with the fungus described in this report. Identification and characterization of this fungus are a crucial first step to better understanding this potential emerging threat to turtle health and conservation.
